INTRODUCTION
E namel formation is a dynamic process involving crystal maturation, which is concomitant with matrix proteolysis (Smith et al., 1989) . To date, two types of enamel proteases have been identified: the metalloproteinase enamelysin (MMP20) (Bartlett et al., 1996) and the serine proteinase kallikrein 4 (KLK4) (Simmer et al., 1998) . Both MMP20 (Kim et al., 2005) and KLK4 (Hart et al., 2004) gene mutations cause autosomal hypomaturation amelogenesis imperfecta (AI) in humans. Previous studies have identified the cleavage sites within the full-length amelogenin for both enzymes (Ryu et al., 1999 (Ryu et al., , 2002 ; however, the functional significance of such proteolytic activities and the detailed molecular mechanisms of interactions of proteolytic products with the mineral during enamel biomineralization are yet to be elucidated.
The interaction of amelogenin with enamel apatite is a key issue in enamel biomineralization. Many in vitro studies have been conducted to investigate the molecular mechanisms of amelogenin function, including the adsorption and binding properties of amelogenin onto apatite crystals, and its effect on crystal morphology, growth, and organization (Aoba et al., 1987; Wen et al., 1999a; Wallwork et al., 2001; Iijima and Moradian-Oldak, 2004; Beniash et al., 2005) . It is now well-accepted that amelogenin plays critical roles in controlling the organization and morphology of enamel apatite crystals.
The aim of the present study was further clarification of the mechanisms of proteolytic activities of enamel proteases on amelogenin-mineral interaction, and their function in amelogenesis. We hypothesized that amelogenin-mineral interaction is controlled by processing of amelogenins, with consequent reduction in the binding affinity to apatite. To model the stepwise and dynamic proteolytic events during enamel biomineralization, we used 3 different isoforms of amelogenins to analyze their proteolytic processing systematically, with and without synthetic hydroxyapatite (HAP) crystals. We used recombinant pig MMP-20 (rpMMP20) and recombinant human kallikrein-4 (KLK4) as sources of enzymes.
MATERIALS & METHODS

Protein Expression and Purification
The full-length recombinant pig amelogenin (rP172), an engineered mutant lacking the hydrophilic C-terminal 24 amino acids (rP148), and the recombinant pig MMP20 (rpMMP20) were prepared as previously described Ryu et al., 1999; Sun et al., 2006) . Recombinant rP172 has amino acids 2-173 of the native porcine amelogenin P173, while rP148 has amino acids 2-149. In both, the phosphate group on serine 16 is lacking. Recombinant human KLK4 (rhKLK4), expressed in a murine myeloma cell line (NSO), was purchased (R&D Systems Inc., Minneapolis, MN, USA). Human KLK4 shares 80% homology with pig KLK4, and they function similarly (Yousef and 
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Diamandis
The 13k amelogenin was extracted by a method described previously (Yamakoshi et al., 2004) . Examination of the isolated protein by gel electrophoresis showed a major peak of the 13k amelogenin, with a minor peak of an 11-kDa protein (data not shown). Edman degradation confirmed the N-terminal sequence of "13k" (LHHQIIPVV) and "11k" (LQPHHH).
Proteolysis of Amelogenins in the Presence of HAP
Amelogenins (rP172 or rP148) were dissolved in the working buffers (rP172 in Tris-HCl, pH 8. and rP148 in Bis-Tris, pH 6.8) at concentrations of 0.5-0.8 mg/mL, kept at 4ºC overnight, then equilibrated at room temperature for 5 hrs, and centrifuged at 14k rpm. The rP172/rpMMP20 ratio was 800 (w/w), and the rP148 / rhKLK4 ratio was 400. For each experiment, 3 reactions were carried out simultaneously at room temperature, in 3 Eppendorf tubes, for a total of 8 hours' incubation: In tube A ("before"), HAP (National Institute of Standards and Technology, Gaithersburg, MD,USA) crystals and enzyme were added at times 0 hr and 4 hrs, respectively; in tube B ("during"), the additions were both at 0 hrs; however, in tube C ("after"), additions of HAP crystals and enzyme were at 4 hrs and 0 hrs, respectively. Pellets were washed by corresponding buffers 3 times, for 5 min each, and dissolved in acid for analysis. The control proteolysis without HAP was carried out under the same conditions as the corresponding experiments. Proteolysis products were analyzed by SDS-PAGE, HPLC, and Liquid Chromatography Tandem Mass Spectrometry (LCMS/MS).
Reverse-phase High-performance Liquid Chromatography (RP-HPLC)
Proteins and peptides were eluted with buffer A (0.1% TFA) and buffer B (buffer A + 60% acetonitrile) with a gradient of B, for 75 min or longer, in a C4 analytical column (Vydac, Hesperia, CA, USA). The liquid chromatograph workstation (ProStar/ Dynamics 6, version 6.41, Varian, Palo Alto, CA, USA) was used for quantitative analysis of the peak areas.
HAP-binding Experiment
Working buffers for amelogenin proteins were: Tris-HCl, pH 8, for rP172; Bis-Tris, pH 6.8, for rP148; and Tris-HCl, pH 7.2, for "13k". The apatite-binding experiments (N = 3) were carried out with HAP crystals with a specific surface area of 18.3 ± 0.3 m 2 /g, according to a previously described protocol (Bouropoulos and Moradian-Oldak, 2003) . Aliquots of supernatant were analyzed by means of the bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL, USA) on a nanodrop machine (NanoDrop Technologies, Wilmington, DE, USA). Calibration curves were constructed with standard solutions of the target protein. The amounts of protein (mmol) adsorbed per m 2 of HAP crystals were calculated by the difference between the initial (CI) and the equilibrium (Ceq) protein concentrations (mmol/ml), by the following equation:
where V is the volume of the solution (1 mL), W is the mass of the adsorbent (HAP), and S is the specific surface area of the adsorbent.
RESULTS
Proteolysis of Amelogenins in the Presence of HAP
We conducted these experiments to analyze amelogenin-HAP interactions during proteolysis, which presumably models the dynamic proteolytic events in the enamel extracellular matrix. For clarity, we term these experiments as "before" (Figs. 1A, 2A), "during" (Figs. 1B, 2B), and "after" (Figs. 1C, 2C).
rP172 Proteolysis by rpMMP-20
The major proteolytic products of rP172 cleaved by rpMMP20 in the absence of HAP have been previously reported as 2-148 (Ryu et al., 1999; Moradian-Oldak et al., 2001) . This major product, with a mass of 16835 Da, could also be detected in the control experiment (no HAP, elution marked as "N" in Fig.  1 ), in the supernatant (elution marked as "S"), and on the HAP surface (elution marked as "P") in all "before", "during", and "after" experiments. However, the ratios between peak areas corresponding to rP172 and 2-148 appeared to be different in each case. Without HAP, the ratio of peak areas between rP172 and 2-148 was 0.86, indicating that the quantity of rP172 was 86% of 2-148 ( Fig. 1D ). When HAP was added before rpMMP20 (the "before" experiment), the ratio was detected as 0.80 in supernatant and 1.26 on HAP surface, respectively (Figs. 1A, 1D ). Compared with the ratio of 0.86 in control, the higher ratio of 1.26 on HAP surface suggested that more intact rP172 bound to HAP than its degradation product 2-148, indicating that rP172 has higher HAP-binding affinity. Similarly, the lower ratio of 0.80 meant that less rP172 remained in the supernatant compared with its major product, 2-148. The ratio of rP172 and 2-148 was higher than 0.86 on the HAP surface and lower than 0.86 in supernatant when HAP was added during or after the proteolysis ("during" and "after" experiments, Figs. 1B-1D). Thus, rpMMP20 cleavage of amelogenin resulted in the reduction of its binding to HAP crystals, regardless of the sequence of HAP addition to the proteolysis solution.
Following analysis by mass spectroscopy, 5 fragments were detected on the HAP surface (Table) . Detection of large quantities of 2 C-terminal fragments indicated their high binding affinity to HAP, which further confirms the reduction of amelogenin-apatite by C-terminal cleavage of rpMMP20.
rP148 Proteolysis by rhKLK-4
We first analyzed the proteolytic products of rP148 cleaved by rhKLK4 in the absence of HAP. At least 24 fragments were detected by mass spectrometry (unpublished observation). HPLC elution ( Figs. 2A-2C , elution marked as "N") showed one major product, and amino acid sequencing analysis of that product resulted in the N-terminal sequence of HPXTSXG. The mass spectrometric analysis detected a molecular mass of 13290 Da, corresponding to the amelogenin segment 32-149. The elution peak of this major product could also be seen in supernatant (elution marked as "S") and the HAP surface (elution marked as "P") in all "before", "during", and "after" experiments, but with relatively different peak area counts (Fig.  2) . Quantitative analysis of HPLC peaks revealed that the rP148 substrate bound HAP crystals with higher affinity than its degradation product (32-149), and less substrate was sustained in the supernatant (Fig. 2D) . Mass spectrometric analysis of the polypeptide segments bound to apatite revealed 4 amelogenin fragments. Three of them were from the N-terminus and 1 from the C-terminus of rP148 (Table) . The relatively small quantity showed the low binding affinity of these fragments to HAP.
Adsorption Isotherms for rp172, rP148, and 13k
The shape of the isotherm of rP172 (Fig. 3A) showed a flattening at low equilibrium concentrations (Ceq) and, subsequently, exhibited a transition to a plateau. The correlation coefficient (r 2 ) of this exponential increase was > 0.99. We therefore described the isotherm of rP172 using the Langmuir model by application of the equation (Kresak et al., 1977) :
where N is the maximum number of adsorption sites per unit of surface area (mol/m 2 ) of adsorbent, and K is the affinity of the adsorbent molecules (L/mol). The correlation coefficient (r 2 > 0.99) of the linear form of the isotherm, which is a plot of Ceq/Q vs. Ceq, was a good fit (Fig. 3B) . The affinity and adsorption sites were K = 6.38*10 5 L/mol and N = 8.24*10 -7 mol/m 2 respectively.
In contrast, neither the isotherm of rP148 nor "13k" can be described by the Langmuir model (r 2 = 0.82 and 0.85, respectively, for the linear form) (Figs. 3C, 3D) . The shape of the isotherm for rP148 was a reverse "S" shape, with an ascending direction without any transition or plateau (Fig.  3A) . The isotherm of 13k was irregular (Fig. 3A) , and "13k" had much lower affinity than rP172 and rP148 (note the difference in scale among B, C, and D). At a constant Ceq, in a comparison of the Q values of these 3 isotherms, it is apparent that Q rP172 > Q rP148 > Q 13k (Fig. 3A) .
DISCUSSION
It has been well-documented that effective proteolysis of the enamel extracellular matrix by MMP20 and KLK4 is critical for normal enamel biomineralization (Caterina et al., 2002; Hart et al., 2004; Kim et al., 2005) . Among other processes, a disturbance in proteolytic activity during enamel development may affect amelogenin-mineral interactions, leading to defective mineral formation. At the early stage of enamel formation, the full-length amelogenin is processed immediately at the C-terminus by MMP-20 following secretion (Smith et al., 1989; Moradian-Oldak et al., 1994) . Expression of KLK4 is apparent at the post-secretory and transition stages, where the "20k" fragment is more abundant (Yamakoshi et al., 1994; Wen et al., 1999b; Hu et al., 2000 Hu et al., , 2002 . Therefore, for the proteolytic experiments, we used the full-length rP172 as a substrate for MMP-20 and the truncated rP148 as a substrate for KLK4. It is noteworthy that KLK4 had a much higher efficiency than MMP-20 in cleaving rP148, resulting in faster proteolysis of the recombinant substrate (unpublished observation).
The proteolytic products of rP172 and rP148 by the 2 enzymes corroborate previous results in vitro and in vivo (Moradian-Oldak et al., 2001; unpublished observation) . These include fragments 46-149 and 48-149, which are similar to native "13k" (46-148) , and fragments 63-149 and 64-149, which are similar to the native "11k" (64-148). As the major component of the outer enamel layer, "13k" could be the cleavage product by both MMP20 and KLK4 (Moradian-Oldak et al., 2001; Fukae et al., 2007) .
Our systematic proteolytic experiments allowed for a comparative binding analysis of amelogenin and its proteolytic products during proteolysis. We observed larger quantities of substrates bound to HAP in both proteolysis cases of rP172 by rpMMP20 and rP148 by rhKLK4. We detected both C-and N-termini of proteolytic products to be bound to HAP. The above findings confirmed that the amelogenin-binding affinity to mineral was reduced following its cleavage by enamel proteases at both C-and N-termini, regardless of the sequence of addition of HAP to the digest mixture.
We obtained further direct evidence by performing the systematic binding experiments of the 3 amelogenins using the Langmuir model for protein adsorption. The adsorption isotherms described the relationship between the concentrations of the protein at the HAP surface as a function of its solution concentrations. By comparing the Q values among the 3 amelogenins (Q rP172 > Q rP148 > Q "13k" ), we demonstrated that the "13k" had a significantly lower apatite-binding affinity than did rP148. The adsorption isotherm of rP172 on synthetic hydroxyapatite crystals fitted the Langmuir model. These results were consistent with those of a previous study on rM179, indicating that the full-length amelogenin adsorbed onto the surfaces of apatite crystals as binding units with defined adsorption sites (Bouropoulos and Moradian-Oldak, 2003) . However, the adsorption isotherms of rP148 and "13k" did not follow such a model. Analysis of these collective data suggests that interactions between the full-length amelogenin and apatite crystals occur with relatively high affinity and are highly selective (Bouropoulos and Moradian-Oldak, 2003) . Following the cleavage of the C-and N-termini, there is a progressive loss in affinity and selectivity in amelogenin-apatite interactions. The present in vitro experimental observations support our hypothesis that stepwise processing of amelogenin during enamel formation controls amelogenin-apatite interactions.
Although the present conditions for proteolysis are not exactly the same as the physiological conditions (i.e., amelogenin concentration, enzyme/substrate ratio, the presence of nonamelogenins), analysis of our in vitro data provides relevant information on amelogenin-protease-HAP interactions during the dynamic process of enamel formation and maturation. We propose that such interactions control the morphology of enamel crystals following the initiation of organized nucleation. It has been demonstrated that the affinity of amelogenin is still higher to the (010) side faces of crystals, even after cleavage of the C-terminus. Such selective binding will promote the crystals to grow in length (along the c axis) and thickness (along the a axis) faster than in width. Finally, we propose that cleavage of the N-terminus, by either MMP20 or KLK4, leads to disassembly of the nanospheres, increasing amelogenin solubility and accessibility for further degradation, a critical step in amelogenesis required for the completion of maturation (Ryu et al., 1999; Sun et al., 2006) . We envisage that the knowledge gained from our in vitro experiments will provide a solid base for interpretation of the in vivo animal model studies where MMP-20, amelogenin, and KLK-4-null and transgenic mouse strategies are applied, and will contribute to the basic knowledge 
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